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Abstract 
Copper materials are classified as difficult to weld with state-of-the-art lasers. High thermal conductivity in combination with 
low absorption at room temperature require high intensities for reaching a deep penetration welding process. The low absorption 
also causes high sensitivity to variations in surface conditions. Green laser radiation shows a considerable higher absorption at 
room temperature. This reduces the threshold intensity for deep penetration welding significantly. The influence of the green 
wavelength on energy coupling during heat conduction welding and deep penetration welding as well as the influence on the 
weld shape has been investigated. 
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1. Introduction 
The expansion of renewable energies and the trend to e-mobility will make electric current to future’s main 
energy source. This will increase the usage of copper and copper alloys as the most important materials for 
conducting electricity. At the same time the demand for highly productive and automatable manufacturing processes 
in modern industrial production rises. Laser welding as such a process has already been established in many 
industrial applications. However, laser welding of copper materials with state-of-the-art lasers is still considered as 
difficult. 
 High thermal conductivity and extremely low absorption at room temperature for near and far infrared laser 
radiation require high laser power intensities to reach a deep penetration welding process. Moreover, the low 
absorption also causes high sensitivity to variations in surface conditions as oxidation or roughness. Additionally the 
absorption for infrared radiation significantly rises at the phase transition from solid to liquid [1]. All these 
characteristics lead to a sensitive process with low reproducibility. 
Up to now only pulsed lasers with high peak powers are used for industrial welding of copper materials. This 
currently limits the applications to spot welding. In order to improve the absorption and to realize stable surface 
conditions at the beginning of the process the parts are often coated with tin or nickel. Furthermore, real time control 
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in combination with temporal pulse shaping is used to enhance reproducibility [1]. To realize short continuous seam 
welds with pulsed lasers new process strategies, e.g. the so-called SHADOW process, have been developed [2]. 
Thereby scanner systems enable fast spatial beam modulation during a single laser pulse. New brilliant infrared high 
power fiber and disk lasers allow small focus diameters with high intensities. These continuous wave (cw) beam 
sources enable continuous seam welding of copper. Nevertheless, the problem of process instability and the low 
reproducibility still remains [3].  
Another approach to enhance the weldability of copper is to use frequency-doubled green YAG lasers, with 
significantly higher absorption at room temperature, see Figure 1. Green pulsed lasers have already shown an 
improvement in reproducibility for spot welding of copper [4]. The same result could be achieved by a superposition 
of green and infrared laser pulses [5]. Investigations with a combination of a 70 W green cw laser and a multi kW 
infrared cw laser have indicated a reduction of the threshold power for deep penetration welding [6]. So far there is 
no green cw laser with sufficient laser power for continuous welding of copper available on the market. 
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Figure1. Absorption of copper (Cu) and iron (Fe) depending on the wavelength for normal incidence at room temperature [7] 
Within the project CuBriLas, funded by the German Federal Ministry of Education and Research, a 325 W 
frequency-doubled and fiber-guided green disc laser was built up by TRUMPF. This cw prototype system enables 
first basic process studies on continuous welding of copper with green laser radiation as well as a direct comparison 
to a similar infrared laser system. Investigations on energy coupling, the threshold for deep penetration welding and 
achievable weld shapes were performed for both wavelengths. 
2. Process phases during laser welding 
For reaching a deep penetration welding process two pre-phases have to be run through, see Figure 2. 
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Figure2. Pre-Phases before reaching a deep penetration welding process  
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In the first phase the laser heats up the solid material. The energy coupling is given by the material’s absorption 
in solid state under normal incidence. When the surface of the material reaches the melting temperature the second 
phase (heat conduction welding) starts. By changing the aggregate state from solid to liquid the absorption behavior 
of the material changes. In this phase there is also only a single interaction under almost normal incidence between 
the laser and the material surface. The deep penetration welding process starts when the material surface reaches the 
evaporating temperature and the vapor pressure forms the keyhole. In consequence, the irradiated laser energy 
couples into the work piece by multiple interactions with the liquid keyhole wall as well as by propagating trough 
the metal vapor in the keyhole. These absorption mechanisms lead to a significant enhancement of the energy 
coupling. With increasing keyhole depth the energy coupling rises again. 
3. Experimental Setup 
To investigate the influence of the wavelength on the welding process of copper materials two fiber-guided disc 
lasers were used, see Table 1. The fiber-guidance with the same fiber diameter enables that the green as well as the 
infrared wavelength show the same beam characteristics after focusing with a standard welding optics. 
Table 1. Characteristics of the used laser systems 
Laser Wavelength Fiber diameter Max laser power (at work piece) 
Focus diameter* 
(1:1 imaging) Rayleigh-Length* 
Yb-YAG Disc  1030 nm 50 μm 1000 W 48,2 μm 0,27 mm 
Yb-YAG 2Z Disc 515 nm 50 μm 325 W 48,5 μm 0,29 mm 
      * measured with Primes MicroSpotMonitor with 100W at the work piece 
 
In all experiments various copper materials and stainless steel were considered. The analyzed materials strongly 
differ in thermal and electric conductivity, see Table 2.  
Table 2. Comparison of material properties [8], [9] 
Material Thermal conductivity Electric conductivity 
SE-Cu58 (Cu-PHC) 390 W/mK  58 MS/m 
CuFe2P 280 W/mK  37 MS/m 
CuSn6 (Bronze)   75 W/mK    9 MS/m 
X5CrNi18-10 (1.4301)   15 W/mK 1,4 MS/m 
 
For determination of the energy coupling during the three process phases calorimetric measurements were 
performed. The used experimental setup is shown in Figure 3 (a).  
 
   
Figure 3. (a) Experimental setup; (b) Signal sequence with exponential fit 
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During bead on plate welding the temperature profile of the specimen was measured with a thermocouple. The 
time and the duration of the laser irradiation were determined with a photodiode. A complete signal sequence is 
shown in Figure 3 (b). Due to the localized energy input during the welding process the centric positioned 
thermocouple measures at the beginning of the sequence a higher temperature than the mean temperature of the 
specimen. This deviation persists until the deposited energy is homogeneously distributed within the material. After 
the specimen has reached a homogenous temperature it cools down according to an exponential function. Through 
extrapolation of that function a theoretical homogeneous temperature of the specimen at the mean time of energy 
contribution can be determined. The deposited energy results from the difference ¨T to room temperature and the 
properties of the specimen (mass m, specific heat cp). In relation to the applied laser energy the degree of energy 
coupling Kc can be calculated. 
 
Kc = (m ·cp ·¨T) / (PLaser · ¨t)  (1) 
4. Results and Discussions  
4.1. Energy coupling 
To determine the absorption in the solid state of the material (first phase) the laser was moved defocused over the 
specimen in order to avoid melt formation at the surface. The measured absorption degrees are shown in 
Figure 4 (a). The results for the copper materials as well as for stainless steel are in good agreement with the 
expected values out of the literature, see Figure 1. This demonstrates the functionality of the used experimental 
setup. The differences in absorption between the analyzed copper materials cannot only be traced back to the 
material itself. There are also slight differences in surface roughness and oxidation between the analyzed materials 
which influence the absorption. 
The same comparison for heat conduction welding is given in Figure 4 (b). The absorption of infrared radiation 
rises for all analyzed copper materials compared to the solid state to an average value of about 10 %. For stainless 
steel a decrease to around 26 % can be determined. The results for green radiation are quite different. The absorption 
for all analyzed copper materials drops down compared to the absorption in the solid state to an average value of 
about 25 %. For stainless steel almost no influence can be recognized with change of the aggregate state. 
Considering the results in solid state and for heat conduction welding, one can say that the absorption behavior of 
green laser radiation for copper materials is comparable to the absorption behavior of infrared radiation for stainless 
steel. 
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Figure 4. (a) Absorption for green and IR in solid state; (b) Absorption for green and IR during heat conduction welding 
The above presented results are achieved using standard rolled sheets with uncoated surfaces. The surfaces 
showed only slight oxidation. To estimate the influence of oxidation on the absorption for the analyzed copper 
materials in solid state some sheets were subjected to a 30 min heat treatment at 200 °C. This treatment leads to a 
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strong and clearly visible oxidation of the surfaces. The measured absorption degrees are shown in Figure 5. The 
oxidation enhances the absorption of infrared radiation for the copper materials on average by factor 5 from 4 - 8 % 
to values between 26 - 34 %. The oxidation influence for the green wavelength is with an average enhancement of 
factor 1.2 comparatively low. The lower sensitivity to oxidation of the green wavelength leads to a much more 
stable and reproducible energy coupling in the first phase to reach a deep penetration welding process. 
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Figure 5. Influence of oxidation on absorption in solid state (a) 1030 nm; (b) 515 nm 
In the next step a detailed investigation on the energy coupling during deep penetration welding was carried out. 
Therein different laser powers and feed rates from 4 to 16 m/min were analyzed. For comparison of the results the 
measured energy coupling is plotted against the aspect ratio of weld depth to focus diameter, see Figure 6. This ratio 
characterizes the shape of the keyhole. In all cases the energy coupling rises with increasing aspect ratio. For 
stainless steel and the bronze CuSn6 the green radiation shows only slightly higher energy coupling degrees at same 
aspect ratios. The measured values for stainless steel of about 70 - 90 % are consistent with already measured and 
calculated values [10, 11]. For CuFe2P, up to 30 % higher energy coupling degrees can be achieved by applying 
green laser radiation compared to infrared radiation at constant aspect ratios. 
The results show that for a deep penetration welding process with small focus diameters of about 50 μm energy 
coupling degrees for copper materials up to 70 - 80 % are achievable. The differences between green and infrared 
radiation are much smaller than in solid state or for heat conduction welding. 
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Figure 6. Energy coupling during deep penetration welding as a function of aspect ratio (a) CuFe2P; (b) CuSn6; (c) 1.4301 
4.2. Threshold for deep penetration welding 
In addition to the energy coupling measurements the threshold power for deep penetration welding was 
determined. Therefore, the upper side of 40 mm long bead on plate welds was analyzed using a reflected-light 
microscope. The percentage of deep penetration welding related to the complete seam length is plotted against the 
applied laser power for SE-Cu58 in Figure 7 (a). The comparison shows a considerable lower threshold power for 
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the green wavelength. This reduction is caused by the higher absorption of the green wavelength in the solid and 
liquid state (first and second phase). Furthermore, the green wavelength shows a feed independent threshold 
behavior. For the infrared wavelength the threshold zone however strongly expands with reduced feed rate. 
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Figure 7. (a) Comparison of threshold for deep penetration welding, SE-Cu58; (b) welding interruptions at IR wavelength and low feed rates 
Moreover, interruptions in deep penetration welding even above the determined threshold can be recognized for 
the infrared wavelength at lower feed rates, see Figure 7 (b). In the most cases these welding interruptions follow a 
melt ejection. The melt ejection leads to an abrupt break in the deep penetration welding process and especially for 
the infrared wavelength to a strong decrease in energy coupling. These breaks in deep penetration welding after melt 
ejection can be avoided if the applied laser power is increased further clearly above the threshold power. 
 
4.3. Process stability  
For evaluation of the process stability the weld beads of SE-Cu58 for green and infrared wavelength were 
analyzed using a reflected-light microscope, see Figure 8. Thereby, different feed rates between 1 and 16 m/min 
were considered. For both wavelengths a laser power above the threshold for deep penetration welding was 
analyzed. The weld beads generated with the infrared wavelength show a strong feed dependence in surface 
morphology. With lower feed rates the amount and size of melt ejections and spatters extremely rise. However, at 
16 m/min feed rate a stable process with almost no melt ejections can be realized. In contrast the green wavelength 
shows a respectively feed independent weld bead surface with less and smaller melt ejections and spatters.  
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Figure 8. Comparison of weld beads for green and infrared wavelength at different feed rates for SE-Cu58 
The huge differences in the threshold power for deep penetration welding between the green and the infrared 
wavelength and the low maximum output power of the used green laser system make a direct comparison at same 
laser powers not possible. Therefore, an improvement in process stability only by changing the wavelength cannot 
be certainly claimed. However, a comparison at the same irradiated energy per unit length also shows less melt 
ejections for the green wavelength. 
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4.4. Weld shapes 
Metallographic cross-sections were prepared for evaluating the influence of the wavelength on the weld shape. A 
comparison of the weld shapes for both analyzed wavelength is shown in Figure 9 (a). Therein, cross-sections for 
two feed rates as well as for two copper materials and stainless steel are presented. The respective laser power for 
both wavelengths was selected in a way to reach similar weld depths. For stainless steel (1.4301) the weld shapes for 
both wavelengths are quite similar at the same applied laser power. The application of the green wavelength 
however results in some higher weld depths, which can be explained by the slightly higher energy coupling. For the 
copper materials the welds generated with the green wavelength are visibly narrower than those for the infrared 
wavelength. 
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Figure 9. (a) Comparison of the weld shapes for green and infrared radiation; (b) definition of weld depth WD and weld width at half depth Ww 
To verify this tendency the weld depth and the weld width at half depth were measured according to Figure 9 (b). 
Thereby, a parameter field of laser power and feed rate was analyzed for both wavelengths. The results for CuFe2P 
and stainless steel 1.4301 are shown in Figure 10 (a) and (b).  
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Figure 10. Influence of the wavelength on weld width at half depth in relation to weld depth for (a) 1.4301; (b) CuFe2P 
For stainless steel the weld width is almost independent of the wavelength. With increasing feed rate the weld 
width decreases at constant weld depth because of minimized heat accumulation. The results for CuFe2P are quite 
different. For both wavelengths, the results show no dependency from the applied feed rate in the analyzed 
parameter field. It is assumed that the high thermal conductivity of CuFe2P avoids the formation of a heat 
accumulation, even at relatively low feed rates.  
Additionally, weld seams in CuFe2P generated with green laser radiation show considerably lower weld widths 
at constant weld depths. With a look at the trend lines of the measured values in Figure 10 (b), it is obvious that the 
slope is significantly lower for the values gained with the green laser wavelength. This means that an increase in the 
applied specific energy (energy input per unit length) is directly transferred into an increase in weld depth at almost 
346  Sebastian Engler et al. / Physics Procedia 12 (2011) 339–346
constant weld width. One can therefore assume that the green wavelength deposits more of the applied laser energy 
to deeper areas at the bottom of the keyhole in relation to the infrared wavelength.  
5. Conclusion 
For the first time a direct experimental comparison of green and infrared laser radiation concerning continuous 
laser welding of copper materials was performed. The used fiber-guided laser systems enabled the same beam 
characteristics for both wavelengths after focusing with a standard welding optics. Process studies concerning 
energy coupling, deep penetration welding and weld shape were carried out for both wavelengths.  
The investigations reveal that the green radiation has a significant higher absorption for the analyzed copper 
materials in the solid and liquid state under normal incidence. This leads to a much higher energy coupling in the 
two pre-phases (heating up and heat conduction welding) before reaching a deep penetration welding process. Thus, 
the threshold power for deep penetration welding can be significantly reduced. The high absorption of copper 
materials in solid state for green radiation also reduces the sensitivity to the degree of surface oxidation. For deep 
penetration welding the advantages in energy coupling of the green radiation become smaller. The multiple energy 
coupling mechanisms in the keyhole lead to maximum energy coupling degrees of up to 70 - 80 % on the analyzed 
copper materials for both wavelengths. 
Despite of the similar energy coupling degrees there is still a significant difference between the wavelengths in 
the way of energy coupling in the keyhole. This difference becomes visible by investigating the metallographic 
cross-sections of the welds. For stainless steel almost no differences in weld shape can be recognized between the 
wavelengths. For the copper materials the green laser radiation however forms considerably narrower welds at same 
weld depth compared to the infrared one. In the next step further investigations will be carried out to understand 
these differences in energy coupling  
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